Bacillus subtilis spores that germinated poorly with saturating levels of nutrient germinants, termed superdormant spores, were separated from the great majority of dormant spore populations that germinated more rapidly. These purified superdormant spores (1.5 to 3% of spore populations) germinated extremely poorly with the germinants used to isolate them but better with germinants targeting germinant receptors not activated in superdormant spore isolation although not as well as the initial dormant spores. The level of ␤-galactosidase from a gerA-lacZ fusion in superdormant spores isolated by germination via the GerA germinant receptor was identical to that in the initial dormant spores. Levels of the germination proteins GerD and SpoVAD were also identical in dormant and superdormant spores. However, levels of subunits of a germinant receptor or germinant receptors activated in superdormant spore isolation were 6-to 10-fold lower than those in dormant spores, while levels of subunits of germinant receptors not activated in superdormant spore isolation were only <2-fold lower. These results indicate that (i) levels of ␤-galactosidase from lacZ fusions to operons encoding germinant receptors may not be an accurate reflection of actual germinant receptor levels in spores and (ii) a low level of a specific germinant receptor or germinant receptors is a major cause of spore superdormancy.
S
pores of Bacillus and Clostridium species are formed in sporulation and are metabolically dormant and resistant to a variety of environmental factors, including heat and toxic chemicals (28) . These spores can remain dormant for long periods but can return to life in the process of spore germination followed by outgrowth (10, 27, 28) . Spore germination is generally triggered by the addition of specific nutrients called germinants that are recognized by specific germinant receptors (GRs) located in the spore's inner membrane. In addition to having intrinsic interest, there is also applied interest in spore germination, as spores of some Bacillus and Clostridium species cause food spoilage, food-borne disease, and several other diseases (28) . When spores germinate, they lose their resistance and hence can be killed easily, for example, by a relatively mild heat treatment. Consequently, the triggering of germination in some fashion could facilitate spore inactivation. This might be particularly advantageous for the food industry, in that a food could be rendered free of spores without significantly compromising the food's texture and taste, since germinated spores can be killed at relatively low temperatures (28) .
Unfortunately, the simple strategy described above cannot generally be applied, since the germination of populations of spores of both Bacillus and Clostridium species is quite heterogeneous (7, 8, 10, 13, 14, 28, 30, 36, 37, 40, 41) . Thus, while the great majority of a spore population may germinate within 30 to 60 min after the addition of nutrient germinants, others may not germinate for many hours or even days. These slow-germinating spores are often referred to as superdormant (SD) spores, and they also have higher levels of wet heat resistance and require higher temperatures for heat activation prior to germination than dormant spores (9) . This phenomenon of spore superdormancy appears to be a classic example of "bet hedging" in bacteria, as it will protect a spore population against extinction because of an entire population's decision to germinate rapidly, if conditions then rapidly change and become deleterious to the germinated spores and growing cells (29, 32) . SD spores are of major concern not only for the food industry but also in making decisions as to how long a person exposed to Bacillus anthracis spores should be given antibiotics, since some of these spores can be SD and potentially come back to life and cause disease long after antibiotic use is discontinued (2, 12) .
Clearly, a major question about spore superdormancy is what causes SD spores to germinate so much slower than the great majority of spore populations. One simple explanation is that SD spores have much lower GR levels than the majority of individuals in spore populations. This simple hypothesis is consistent with a number of observations, including (i) the relatively low average numbers of GRs per spore, making GR levels in individual spores particularly subject to stochastic variations (22, 27; K.-A. V. Stewart and P. Setlow, unpublished data); (ii) the finding that GR numbers in individual spores in populations vary over a rather wide range (11); (iii) the marked decrease in yields of SD spores from spore populations in which GRs have been overexpressed (7); (iv) the significant increases in rates of spore germination with germinants that target specific GRs when these GRs are overexpressed (3); (v) the essentially complete absence of nutrient germination in spores that lack GRs (21); (vi) the lower rates of germination with various GRs when spores contain lower levels of these GRs (24) ; and (vii) the normal rates of germination of SD spores of Bacillus species with germinants such as dodecylamine or the 1:1 chelation of Ca 2ϩ and dipicolinic acid (DPA), which trigger germination without GR involvement (7, 8) . Based on these observations, it has been suggested that SD spores have low levels of specific GRs compared to levels in the initial dormant spore population.
Recently, methods have been developed to isolate significant levels of SD spores of several Bacillus species (7, 8) and to determine the levels of a number of germination proteins, including GR subunits, in Bacillus subtilis spores (15, 25, 34) . We have therefore used these methods to determine the levels of various germination proteins, including GR subunits, in dormant and SD B. subtilis spore populations, with SD spores being prepared with a variety of nutrient germinants. The results of these analyses indicate that at least one cause of spore superdormancy is low levels of specific GRs.
MATERIALS AND METHODS
B. subtilis strains used and spore preparation. The strains used in this work are isogenic derivatives of strain PS832, a laboratory derivative of strain 168, and are (i) PS533 (wild-type) (26) , which carries plasmid pUB110, encoding resistance to kanamycin (10 g/ml); (ii) FB10 (gerBB*) (20) , carrying a specific mutation in the gerBB cistron of the gerB operon encoding the GerB GR such that the GerB variant, termed GerB*, triggers spore germination in response to L-asparagine alone; and (iii) PS767 (gerA-lacZ) (6), obtained by transforming strain PS832 to resistance to erythromycin (1 g/ml) and lincomycin (25 g/ml) (macrolidelincosamide-streptogramin resistance [MLS r ]) with plasmid pAAM81 (43) , giving a strain with a transcriptional fusion of the gerA promoter to a promoterless lacZ gene inserted upstream of the intact gerA operon encoding the GerA GR (the spores of this strain germinate normally with L-alanine or L-valine). Spores of these strains were prepared at 37°C on 2ϫ Schaeffer's glucose (SG) medium agar plates without antibiotics and were harvested and purified as described previously (18, 19) . All spores used in this work were Ͼ98% free of sporulating cells, germinated spores, or cell debris, as determined by phase-contrast microscopic examination.
Preparation of SD spores. SD spores were isolated following germination with saturating concentrations of (i) L-valine (10 mM) in 25 mM Tris-HCl buffer (pH 7.4) for PS533 or PS767 spores, (ii) AGFK (12 mM L-asparagine-13 mM D-glucose-13 mM D-fructose-12.5 mM KPO 4 buffer [pH 7.4]) for PS533 spores, or (iii) L-asparagine (6 mM) in 25 mM KPO 4 buffer (pH 7.4) for FB10 spores, as follows. Dormant spores at an optical density at 600 nm (OD 600 ) of ϳ10 in water were heat activated at 75°C for 30 min and cooled on ice for at least 15 min. Shortly afterwards, the spores were germinated at 37°C to an OD 600 of ϳ1 for 5 h with one of the germinants described above. Spores that had not germinated in 5 h were then isolated essentially as described previously (7) (8) (9) , taking advantage of the fact that dormant spores have a higher core wet density than germinated spores, primarily because of the large CaDPA depot in the dormant spore core, which is released and replaced by water early during spore germination. Hence, spores that remained dormant after 5 h were isolated by buoyant density gradient centrifugation in a solution of 50% Nycodenz. These potential SD spores were again germinated for 5 h as described above, and spores that still had not germinated were again isolated by buoyant density gradient centrifugation, washed with water, and stored at Ϫ80°C. Routinely, ϳ1 g (dry weight) of initial dormant spores was germinated for each SD preparation, and yields of final SD spores were ϳ1.5 to 3% of the starting dormant spores, as generally found previously (7, 8) .
Measurement of spore germination. Heat-activated spores were germinated, as described above, in 1 ml, and germination was routinely monitored by measuring the drop in the OD 600 of the spore suspension caused by the release of CaDPA and its replacement by water as well as the hydrolysis of the spores' peptidoglycan cortex, followed by core swelling and further water uptake (7, 8, 27) . The level of spore germination in these experiments was also assessed by phase-contrast microscopy, as dormant spores appear phase bright, while germinated spores appear phase dark. Routinely, ϳ100 spores were examined per field, and 3 fields were examined for each experiment.
␤-Galactosidase assay. Extracts for assays of ␤-galactosidase from the gerA-lacZ fusion were prepared from dormant and SD PS767 (gerA-lacZ) spores and from dormant PS533 (wild-type) spores by decoating, lysing, and sonicating the lysate briefly to reduce its viscosity and, finally, by centrifugation in a microcentrifuge as described previously (6, 25) . ␤-Galactosidase in the resultant supernatant fluid was assayed at 37°C by using methyl-umbelliferyl-␤-D-galactoside (MUG) as the substrate and measuring MUG hydrolysis fluorometrically by the production of methylumbelliferone as described previously (6, 25) . The ␤-galactosidase activities in extracts of dormant and SD PS533 (wild-type) spores that lacked a lacZ fusion were Ͻ15% of that in the PS767 spores (see Results). All ␤-galactosidase spore activities reported in this work are averages of data from at least duplicate assays on extracts from at least two dormant and SD spore preparations. The ␤-galactosidase specific activities were calculated relative to the spores' dry weights determined from the OD 600 of the purified spores, as 1 mg dry B. subtilis spores suspended in 1 ml water has an OD 600 of 8.0.
Determination of levels of GR subunits, GerD, and SpoVAD in dormant and SD spores. It was shown previously that a number of different germination proteins, including GR subunits, GerD, and SpoVAD, are located in the spore's inner membrane (22, 24, 27, 34) . Consequently, levels of these proteins were determined by Western blot analysis of equal amounts of the inner membrane protein from dormant and SD spores. The preparation of rabbit antisera against the different GR subunits and the GerD and SpoVAD proteins and the sources of secondary antisera were described previously (15, 25, 34) . Chemiluminescence due to the activity of horseradish peroxidase coupled to goat anti-rabbit IgG was used to detect the binding of the primary rabbit antisera to proteins on Western blot membranes, and X-ray film was used to detect chemiluminescence. In most cases, the same blot was stripped and then reprobed with a different antiserum, as described previously (25) .
The isolation of the spore inner membrane is a multistep process involving several centrifugations and washings, as described previously (22, 24, 25, 34) , and the recoveries of the inner membrane from different spore preparations can vary. Hence, a series of serial 2-fold dilutions of inner membrane fractions from dormant and SD spores were first run on denaturing polyacrylamide gels and stained with Coomassie blue. A subsequent visual examination of the stained gels allowed the determination of the amounts of inner membrane fractions that needed to be used to allow a comparison of equal amounts of dormant and SD spore inner membrane proteins for Western blot analysis. In order to precisely quantify differences in levels of germination proteins in dormant and SD spores, the Western blot intensities of bands given by serial 2-fold dilutions of the SD spore inner membrane protein were visually compared to the intensities of bands given by the same amounts of the dormant spore inner membrane protein on the same Western blot membrane, with visual estimates of superdormant spore protein levels that fell between the various dilutions of the dormant spore protein. All Western blot analyses of germination protein levels in spores were performed in duplicate on inner membrane fractions from two independent spore preparations, with essentially identical results (ϽϮ15%), such that four different values for each germination protein were obtained and averaged. Differences in GR subunit levels between dormant and SD spores were analyzed for their significance by a two-tailed Student t test. While levels of germination proteins were initially determined by a visual inspection of Western blots as described above, the intensities of various bands were also analyzed densitometrically using ImageJ, with essentially identical results.
RESULTS
Nutrient germination of dormant and SD spores. B. subtilis spores contain three major GRs, GerA, GerB, and GerK (27, 28) . L-Valine or L-alanine triggers spore germination via the GerA GR, while the GerB and GerK GRs are both required for spore germination with the AGFK mixture. As expected, the triggering of the GerA GR alone or both the GerB and GerK GRs gave a Ͼ90% germination of dormant spores in Յ2 h (Table 1) . B. subtilis SD spores can also be prepared by using either L-valine or AGFK as the initial germinant (7) ( Table 1) . As expected (7) (8) (9) 40) , the SD spores prepared by initial germination with either L-valine or AGFK germinated extremely poorly with the germinants used to isolate these SD spores. In contrast, SD spores prepared by an initial germination with L-valine germinated significantly better with AGFK, while SD spores prepared by an initial germination with AGFK germinated significantly better with L-valine. However, with all nutrient germinants tested, the germination of the SD spores was neither as efficient nor as fast as that of the initial dormant spores, as described previously (7-9) ( Table 1 and data not shown).
Levels of GerA-LacZ expression in dormant and SD spores prepared by germination with L-valine. While there could be a number of reasons why spores are SD for germination with a particular nutrient germinant, an obvious one is that the SD spores lack or have very low levels of the appropriate GR. One possible reason for the low levels of GRs in some individual spores in populations could be altered levels of transcription factors involved in GR operon transcription, such as the SpoVT protein or the forespore-specific sigma factor for RNA polymerase, G (1, 27, 38) . To test this possibility, we measured the levels of ␤-galactosidase in dormant spores of a strain carrying a gerA-lacZ transcriptional fusion as well as in SD spores of this strain isolated by germination with L-valine, which triggers germination via the GerA GR (28) . Strikingly, the ␤-galactosidase specific activities obtained from the dormant and SD spores were essentially identical ( Table 2) .
Levels of germination proteins, including GR subunits, in dormant and SD spores. The similar levels of gerA-lacZ-generated ␤-galactosidase in both dormant and SD spores indicated that levels of gerA-lacZ transcription and, perhaps, the intact gerA operon's transcription in forespores that became SD spores were similar to those in the whole forespore population. However, there are several reasons why actual GR levels might differ in dormant and SD spores despite similar levels of gerA-lacZ transcription, including the regulation of gerA expression at the translational level as well as stochastic variations in the levels of gerA-lacZ and gerA operon transcription and the translation of the resultant mRNAs. Consequently, levels of ␤-galactosidase from gerA-lacZ may not be an accurate reflection of the actual levels of the GerA GR and even more likely may not reflect the levels of the GerB and GerK GRs as well as other germination proteins in these SD spores.
Given the concerns raised above, we turned to the use of Western blot analyses with a variety of specific antisera to directly determine the levels of various germination proteins in dormant and SD spores. The antisera that we used were prepared against the A and C subunits of the B. subtilis GerA GR (GerAA and GerAC), the C subunit of the GerB GR (GerBC), and the A subunit of the GerK GR (GerKA); each of these GR subunits is essential for their GR's function (27) . These antisera are specific for their respective antigens, as they show no detectable cross-reaction with the analogous subunits of other GRs, and the various antigens detected migrate at the expected positions for their predicted molecular weights (15, 25 ; data not shown). We also used an antiserum raised against the Geobacillus stearothermophilus GerD protein, which was shown previously to react specifically with B. subtilis GerD (25) . The GerD protein is essential for rapid spore germination via any of the GRs (23). The final antiserum was used against the B. subtilis SpoVAD protein (34) . This protein is encoded by one of the seven cistrons in the spoVA operon that is transcribed in the developing forespore just prior to the developing spore's accumulation of DPA. There is much evidence that at least six of the SpoVA proteins, including SpoVAD, are essential for DPA uptake into the developing forespore, and there is some evidence that these proteins are essential for DPA release during spore germination (5, 16, 27, 33, 35) . All the germination proteins described above to which we had antisera have been reported to be largely if not completely present in the spore's inner membrane (22, 24, 25, 27, 34) . Consequently, we compared the levels of the GR subunits, GerD, and SpoVAD in the inner membrane fractions of dormant and SD spores, with the SD spores being prepared with several different germinants (Fig. 1 to 3 and Table 3 ). Strikingly, levels of the GR or GRs that were activated in order to isolate the SD spores were 6-to Ͼ10-fold lower than those in the initial dormant spores, even if both the GerB and GerK GRs needed to be activated for SD spore isolation. It was also notable that the levels of the GerAA and GerAC GerA GR subunits in SD PS767 (gerA-lacZ) spores isolated by L-valine germination via the GerA GR were 6-to 8-fold lower than those in the dormant spores, since the level of GerA-LacZ expression in these SD spores was identical to that in the starting PS767 dormant spores. In contrast to the much lower SD spore levels of subunits of GRs activated for SD spore isolation, levels of GRs not activated for SD spore isolation were generally ϳ2-fold lower than those in the dormant spores, and even these smaller differences in GR subunit levels were highly significant (Table 3 ). This smaller difference in GR subunit levels in SD a PS533 and PS767 spores were prepared and purified and SD spores were prepared by germination with L-valine as described in Materials Methods. Purified spores were decoated and lysed, extracts were assayed for ␤-galactosidase, and specific activities were calculated as described in Materials and Methods. b ␤-Galactosidase specific activities were determined in duplicate for two independent dormant and SD spore preparations, and values are given as relative fluorescence units (RFU). Values shown are the averages Ϯ variations between the values for the independent spore preparations. spores was particularly notable when SD FB10 spores were isolated by initial germination with L-asparagine alone via the GerB* GR, since in these SD spores, the GerKA level was only ϳ2-fold lower than that in dormant spores and, thus, ϳ4-fold higher than that in SD PS533 spores isolated by germination with AGFK, which requires both the GerB and GerK GRs. In sharp contrast to the lower levels of GR subunits in SD spores, in particular subunits of GRs activated for SD spore isolation, the levels of the GerD and SpoVAD proteins were identical in dormant and SD spores (Fig. 1 to 3 and Table 3 ). This was the case not only for PS533 (wild-type) spores but also for FB10 (gerBB*) spores and was the case regardless of the germinant used for SD spore isolation.
DISCUSSION
The results of the current work show clearly that SD B. subtilis spores have quite low levels of the GR or GRs activated in SD spore isolation. It is known that (i) an elevation of GR levels results in ) and SD spores isolated using L-valine germination. Dormant PS533 (wild-type) spores were prepared and purified, SD spores were isolated by L-valine germination via the GerA GR, and inner membranes were isolated as described in Materials and Methods. Aliquots of equal amounts of inner membrane proteins from the dormant and SD spores were then used for Western blot analysis using different antisera, as described in Materials and Methods. Values above the lanes refer to the amounts of inner membrane protein run in the lanes, with 1ϫ being the protein from approximately 1 mg (dry weight) of spores. In this experiment, the same blot was stripped and reprobed for GerAA, GerAC, GerBC, GerKA, and SpoVAD, while the GerD strip was from a separate blot.
FIG 2
Levels of germination proteins in dormant and SD spores isolated using AGFK germination. Dormant PS533 (wild-type) spores were prepared and purified, SD spores were isolated by AGFK germination via the GerB and GerK GRs, and inner membranes were isolated as described in Materials and Methods. Aliquots of equal amounts of inner membrane proteins from the dormant and SD spores were then used for Western blot analysis using different antisera, as described in Materials and Methods. Values above the lanes refer to the amounts of inner membrane protein run in the lanes, with 1ϫ being the protein from approximately 1 mg (dry weight) of spores. In this experiment, the same blot was stripped and reprobed for GerAA, GerAC, GerBC, GerKA, and SpoVAD, while the GerD strip was from a separate blot. increased germination via that GR (3), (ii) the overexpression of one GR results in lower yields of SD spores when germination via the overexpressed GR is used to isolate the SD spores (7), (iii) decreases in GR levels are associated with poorer germination via that GR or GRs (21, 25) , and (iv) the absence of a GR or GRs results in large increases in levels of SD spores when germination via the absent GR or GRs is used to isolate the SD spores (21) . Consequently, the most significant conclusion from the current work is that a major cause of B. subtilis spore superdormancy is almost certainly extremely low levels of specific GRs. In addition, since SD spores of several other Bacillus species exhibit properties very similar to those of SD B. subtilis spores (7-9), it seems most likely that especially low levels of specific GRs are also a major cause of superdormancy in spores of all Bacillus species. This could also be the case for spores of those Clostridium species in which GRs trigger spore germination. The situation in SD B. subtilis spores, which have especially low levels of one or two specific GRs, is markedly different from the situation identified recently by comparing B. subtilis spores prepared in rich sporulation medium to those prepared in poor sporulation medium (25) . Spores prepared in the poor medium germinated more slowly with all nutrient germinants and had 2-to 3-fold-lower levels of all GRs as well as GerD, although spores in both rich and poor media had identical SpoVAD levels (25) . However, the mechanisms causing the lower levels of GerD and all GRs in spores prepared in poor medium are not known.
While particularly low levels of specific GRs appear likely to cause a significant amount of spore superdormancy, the reasons behind a number of other observations about SD B. subtilis spores made in the current work are unclear. Thus, the level of ␤-galactosidase from a gerA-lacZ fusion in SD spores prepared by germination via the GerA GR was identical to the level in the initial dormant spore population, while levels of the GerAA and GerAC proteins were ϳ7-fold lower in the SD spores. This certainly indicates the potential danger in interpreting the ␤-galactosidase level
FIG 3
Levels of germination proteins in dormant and SD spores isolated using L-asparagine germination. Dormant FB10 (gerBB*) spores were prepared and purified, SD spores were isolated by L-asparagine germination via the GerB* GR, and inner membranes were isolated as described in Materials and Methods. Aliquots of equal amounts of inner membrane proteins were then used for Western blot analysis using different antisera, as described in Materials and Methods. Values above the lanes refer to the amounts of inner membrane protein run in the lane, with 1ϫ being the protein from approximately 1 mg (dry weight) of spores. In this experiment, the same blot was stripped and reprobed for GerAA, GerAC, GerBC, GerKA, SpoVAD, and GerD. a Dormant and SD spores of strains PS533 (wild-type) (L-valine germination via the GerA GR and AGFK germination via the GerB and GerK GRs) and FB10 (gerBB*) (Lasparagine germination via the GerB* GR) were prepared, inner membrane fractions were isolated, and levels of germination proteins were determined as described in Materials and Methods and as shown in Fig. 1 from a lacZ gene fusion as a direct reflection of the level of the protein product of the gene to which lacZ is fused. However, why there is such a discrepancy between GerA-LacZ and GerA GR subunit levels is not clear. Possible explanations include the regulation of gerA mRNA translation or stochastic variation in the transcription of gerA-lacZ and the intact gerA operon or the translation of gerA-lacZ and gerA operon mRNA in individual developing forespores. Indeed, stochastic variation could be extremely important in the heterogeneity of the levels of the GerA GR, which is most likely expressed at levels of only tens of molecules per spore (4, 17, 22, 27, 31, 32; Stewart and Setlow, unpublished) . Clearly, further work will be required to decide between these different possibilities.
Another unexplained result is that levels of GRs not selected against in SD spore isolation were lower in SD spores albeit only ϳ2-fold lower. However, the lower level of the GRs not selected against in SD spore isolation was certainly consistent with the poorer germination of SD spores with germinants recognized by GRs not activated in SD spore isolation. It was somewhat surprising that a ϳ2-fold decrease in average GR levels resulted in such a large decrease in spore germination efficiency. However, there is some evidence that GRs can act cooperatively (11, 39) , so perhaps a linear relationship between GR levels and rates of spore germination is not to be expected. It is also notable that different SD spore isolates have been found to give rather different quantitative results when germination via GRs not selected against in SD spore isolation is measured (7, 41 ; this work). These results have varied from large decreases in germination via unselected GRs to only small decreases, even though all these SD spores germinated extremely poorly via the GRs selected against in SD spore isolation. The reason for the significant variation in the germination of SD spores via GRs not selected against in SD spore isolation is not clear. However, it appears most likely that dormant spore populations are extremely heterogeneous mixtures of individuals with widely different levels of various GRs (11) , such that slight alterations in dormant spore preparations or the precise conditions for the selection of SD spores may alter the properties of the spores selected as SD. It is also possible that there is some cotranscriptional regulation of operons encoding GRs, for example, by the SpoVT protein. This protein represses the transcription of the gerA, gerB, and gerK operons but has no effect on gerD transcription and stimulates spoVA operon transcription only ϳ1.5-fold (1, 38) . Thus, variations in SpoVT levels in individual developing forespores could cause a concerted ϳ2-fold decrease in levels of all GRs, with stochastic variability then allowing selection for much lower levels of the specific GR or GRs selected against in SD spore isolation. However, the identical expression levels of GerA-LacZ in dormant spores and SD spores prepared by germination via the GerA GR appear to make a general concerted transcriptional regulation of all GR-encoding operons unlikely to be of primary importance in causing spore superdormancy.
Work with spores of several Bacillus species as well as Clostridium perfringens spores has shown that the major variable in the kinetics of spore germination with nutrients is the time between the mixing of the spores and germinant and the initiation of a rapid release of CaDPA, termed T lag (14, 25, 36, 37, 40, 41) . Values of T lag can vary between a few minutes to many hours for individuals in the same spore population. Not surprisingly, increased average GR levels decrease the T lag , and lower average GR levels are associated with a longer T lag , with SD B. subtilis spores having T lag s of hours (25, 40) . The latter effect of GR levels on the T lag is certainly consistent with the low levels of GRs activated by the germinant used for SD spore isolation being responsible for these SD spores' extremely slow germination with this germinant and the extremely long T lag for such a germination (41) . However, there appear to be variables, in addition to GR levels, that play roles in germination heterogeneity and, thus, presumably spore superdormancy. Thus, the germination of spores by molecules such as dodecylamine and CaDPA, both of which trigger germination independent of GRs, is also extremely heterogeneous, with highly variable T lag s for individual spores (14, 37, 41) . However, the reason for this heterogeneity in GR-independent spore germination is not known. Similarly, it was shown recently that the average structure of the spores' peptidoglycan cortex can also have significant effects on T lag in both GR-dependent and GR-independent spore germination (42), although again, the reason for this effect is not known. Consequently, while it is most likely that low GR levels are a major factor in causing the heterogeneity and, thus, superdormancy in nutrient germination, it appears likely that other factors such as the precise cortex structure and undoubtedly other unknown factors play significant roles as well.
